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Soluble oligomeric assemblies of amyloidal proteins appear to act as major pathological agents in several 
degenerative disorders. Isolation and characterization of these oligomers is a pivotal step towards 
determination of their pathological relevance. Here we describe the isolation of Type 2 diabetes-associated 
islet amyloid polypeptide soluble cytotoxic oligomers; these oligomers induced apoptosis in cultured 
pancreatic cells, permeated model lipid vesicles and interacted with cell membranes following complete 
internalization. Moreover, antibodies which specifically recognized these assemblies, but not monomers or 
amyloid fibrils, were exclusively identified in diabetic patients and were shown to neutralize the apoptotic 
effect induced by these oligomers. Our findings support the notion that human lAPP peptide can form 
highly toxic oligomers. The presence of antibodies identified in the serum of diabetic patients confirms the 
pathological relevance of the oligomers. In addition, the newly identified structural epitopes may also 
provide new mechanistic insights and a molecular target for future therapy. 

The transition of proteins and peptides into highly-ordered amyloidal fibrUar structures is associated with 
major human disorders including Alzheimer's disease (AD), Parkinson's disease, Prion disorders and Type 
2 diabetes (T2DM)'. Since the first observation of amyloid aggregates more than a century ago, it was 
suggested that insoluble amyloid deposits serve as major pathological agents in these disorders. This was based on 
histological observations indicating co-localization of tissue degeneration and amyloid accumulation. Moreover, 
further genetic data demonstrate the association between amyloid fibril formation and degenerative diseases, as 
aggregation-enhancing mutations in amyloidogenic proteins and polypeptides were linked to familial early-onset 
pathologies^ ''. Nevertheless, the "amyloid dogma" has been challenged in the past years by several studies 
highlighting the discrepancy between the amount of amyloid deposits and disease severity""'. In the case of 
Alzheimer's disease, a number of studies provided further evidence that the associated peptide amyloid- P (AP) 
oligomers are in fact significantly more cytotoxic than the mature amyloid fibrils" In 2006 Ashe and coworkers 
demonstrated a clear correlation between cognitive reduction and the appearance of 56 kDa AP oligomers 
termed AP56* in Alzheimer's mice model". Furthermore, the purification of Ap56* and its intracranial reintro- 
duction into the brain of wild type rats resulted in severe memory impairment. Ratnesh and coworkers have 
shown that different amyloidogenic polypeptides undergo supramolecular conformational changes in reconsti- 
tuted membranes and form ion-channel-like structures with a similar morphology'"'. This led to the hypothesis 
suggesting that amyloid oligomers increase lipid bilayer conductance regardless of their sequence, whereas fibrils 
and soluble low-molecular weight species have no detectable effect on membranes'"\ Ramamoorthy and cow- 
orkers have shown that AP peptide disrupt biological membrane by a two step mechanism. First forming charge- 
selective pores and in a second phase this selectivity ceases and both positively and negatively charged molecules 
diffusion is observed across the membrane. This is consistent with a total loss of the physical integrity of the 
membrane". These studies highlight a common structural motif observed in all types of amyloid oligomers. Given 
the structural similarities between the oligomers and the general cell toxicity observed, it is suggested that a similar 
toxic pathway prevalent in amyloid oligomers'^. 

In 1901 two independent researchers described a phenomenon termed "islet hyalinization""''" that occurred in 
association with diabetes mellitus (DM), especially in elderly population. However, the clinical importance of 
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these observations was not generally accepted since the phenomenon 
was not observed in all diabetes patients'" ". In 1986, 85 years after 
the first observation, the deposited material was successfully purified. 
Amino terminus amino acid sequencing revealed a novel peptide 
sharing sequence similarity with the calcitonin polypeptide family^". 
Further characterizations of the peptide from human and feline 
origins proved to be a 37 amino acid (a.a.) polypeptide denoted 
diabetes-associated peptide (DAP)^', islet amyloid polypeptide 
(lAPP)^^, or amylin"". The relationship between the process of 
lAPP aggregation and the onset of Type 2 diabetes (T2DM) is not 
entirely understood. Nevertheless, over the years several studies have 
linked lAPP aggregation to the disease progression. It became clear 
that islet amyloidosis can affect less than 1% or up to 80% of islets of a 
diabetic individuaP''. The occurrence of islet amyloid deposits in 
non-diabetic subjects is low, less than 15% in non-diabetic indivi- 
duals, but is relatively high in more than 90% of diabetic subjects at 
post-mortem^^. Histological sections from T2DM patients have 
shown a positive correlation between amyloid aggregates and the 
reduction in P-cells mass of the pancreatic islets^*". Moreover, mis- 
sense mutation in lAPP gene has been identified in Asian population 
and was associated with early on-set and severity of T2DM^'. 

The ex-vivo cytotoxicity of hIAPP was first described almost 20 
years ago^". Human lAPP (hIAPP) but not rat lAPP (rIAPP) induced 
P-cell apoptosis. Moreover, cell membranes were observed to be 
decorated with hIAPP aggregates, and by causality the authors con- 
cluded that hIAPP fibrils induce apoptosis. However, subsequent 
studies challenged this observation and inclined towards soluble 
oligomers as the primary toxic species. Islet amyloids were also 
observed in non-diabetic individuals, particularly with elderly popu- 
lation^^, and are not present in all islets in patients with T2DM'". This 
was also observed in diabetic animal models as homozygous hIAPP 
transgenic mice developed severe diabetes due to a high rate of P cell 
apoptosis as early as at the age of 10 weeks'". However, extracellular 
islet amyloid was not yet observed in these mice during the rapid loss 
of P-cell from the age of 5-10 weeks. In obese hemizygous hIAPP 
mice, which develop diabetes at approximately 20 weeks of age, 
extensive islet amyloid formation does accrue, yet there is a poor 
correlation between the extent of amyloids and the frequency of P 
cell apoptosis'^. Ex-vivo studies detected that the addition of hIAPP 
fibrUar aggregates did not increase the percentage of apoptotic cells. 
In contrast, freshly dissolved peptide samples added to cell culture 
induced apoptosis"". It has also been established that diabetic patients 
have elevated levels of the pro-inflammatory cytokines, especially 
interleukin 1 P (IL- 1 P) which has a profound effect on the function 
of the cells^**. Moreover, hIAPP oligomers, but not fibrils, were found 
as the cause for the activation of NLRP3 inflammasome which is a 
protein complex known to activate IL-ip'^. 

All this data points towards an important role for lAPP oligomers 
in T2DM in general and P-cell damage in particular. The identifica- 
tion and isolation of soluble oligomers of lAPP which are involved in 
the pathology of the disease is of crucial importance for mechanistic 
understanding of the lAPP-induced degenerative process, as well as 
for the development of novel therapeutic agents that target the 
formation of such assemblies. 

Results 

Preparation of hIAPP oligomers. The identification and 
characterization of the various conformers of the self-assembly 
process is a crucial step towards the understanding of the linkage 
between the aggregation cascade and the observed pathology in 
different amyloid associated diseases. In spite of the extensive 
clinical importance of hIAPP self-assembly process in T2DM, the 
early stages of association are still not fully understood and soluble 
oligomers were not stabilized as distinctive entities. We aimed to 
characterize pathologically-relevant soluble assemblies of hIAPP, 
and their connection to the loss of P-cell mass in T2DM. As 



described above, we have searched for an experimental setup 
which wiU allow the observation of the restricted initial self- 
assembly products, prior to the appearance of large amyloid 
fibrUar structures, for a significant period. 

Lyophilized hIAPP peptide was dissolved in 1,1,1,3,3,3- 
Hexafluoro-2-propanol (HFIP) to eliminate any pre-existing supra- 
molecular structures. After evaporation the peptide was resuspended 
in 0.2 [iM NaOH and further diluted in phosphate buffer containing 
1% sodium dodecyl sulfate (SDS). SDS is commonly-used as a chao- 
tropic agent; however, it can be used to stabilize amyloid oligomers 
by producing a membrane-like environment. NMR structure of 
hIAPP bound to SDS micelles revealed a predominant oi-helical 
structure rather than the distinctive amyloidal fibrUar p-sheet^*". 
Ramamoorthy and coworkers have also shown that hIAPP has an 
overall kinked helix motif when bound to SDS micelles in physio- 
logical pH, with residues 7-17 and 21-28 in a helical conformation, 
as well as a 3io helix from residues 33-35^', Several groups have 
independently demonstrated that hIAPP undergoes a transition 
from its natively disordered monomeric state to cx-helical structure 
when interacting to membranes^""". In addition. X-ray crystal- 
lography study has shown that in the crystal structure of an MBP- 
lAPP fusion, lAPP adopts an ordered, helical conformation''". All of 
this data suggest that SDS can be used to stabilize soluble genuine 
conformations of hIAPP. The peptide was further diluted in ultra- 
pure water, and precipitated with ice-cold methanol/acetic acid 
solution in order to remove SDS, following which, the pellet was 
resuspended with PBS buffer. 

hIAPP oligomers size determination. To determine the exact nature 
of the formed assemblies, we analyzed the resulting peptide species 
using several complementary methods. First, using SDS-PAGE 
analysis, we observed three major assembly species: Monomers of 
—3.9 kDa, dimers of ~8 kDa and trimers of —12 kDa (Figure lA). 
As a negative control, we processed rat lAPP (rIAPP) which differs by 
six residues and does not self-assemble to form amyloid structures'". 
Indeed, as expected, we observed only the monomeric conformation 
in the case of the rIAPP (Figure lA). Furthermore, The size distri- 
bution of the hIAPP assemblies was analyzed under more "native" 
conditions using analytic-fast liquid chromatography (FPLC) per- 
formed under physiological-like ionic strength and pH (PBS pH 
7.4). Samples were loaded on a size-exclusion column and the size 
distribution of the species was determined using a calibration curve. 
Here again, we observed the three species previously detected in the 
gel analysis, as well as additional specie of —90 kDa. This additional 
conformer is probably not stable in SDS-PAGE and disassembles to 
smaller multimers. The chromatography did not reveal evidence for 
larger assemblies suggesting that amyloid fibrils or larger supramo- 
lecular structures were not formed (Figure IC). Ramamoorthy and 
coworkers have demonstrated in a DOSY NMR study, that hIAPP but 
not rIAPP forms large oligomers that do not trigger the nucleation- 
dependent aggregation of lAPP at 4°C, which may reflect an off- 
pathway intermediate as observed here''^. 

hIAPP oligomers stability. Next the oligomeric structures of hIAPP, 
once assembled, were examined using Thioflavin T (ThT) binding 
assay to assess their stability and compared to hIAPP solubUized by 
PBS buffer. lAPP oligomers did not exhibit an increase in ThT 
fluorescent signal for over ten hours indicating relatively stable 
conformers while the control group showed a lag-phase of around 
four hours followed by exponential increase in the fluorescent signal 
(Figure IB). 

hIAPP oligomers have spherical morphology. The morphology of 
the oligomers was examined using atomic force microscopy (AFM), 
(Figure ID). Under these experimental conditions only the larger 
oligomers could be detected most likely representing the —90 kDa 
assemblies observed in the size exclusion analysis. The AFM 
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Figure 1 | Human lAPP oligomers Characterization, (a) Western-Blot analysis under non-reducing conditions of human LAPP oligomers and a negative 
control of non amyloidogenic rat lAPP.(b) Oligomers stability assay, hIAPP oligomers were precipitated dialyzed against PBS buffer and incubated at 
37°C oligomers association was monitored by ThT analysis and compared to hIAPP dissolved in PBS buffer, (c) Size exclusion chromatography 
(Superdex 75 10/300, PBS buffer pH 7.4) of hIAPP oligomers; I-monomer, I-dimer, III- trimer and IV- 90 kDa oligomer, (d) Atomic force microscopy 
(AFM) images of the —90 kDa oligomers, AFM scale bar 600 nm. (e) CD spectroscopy of hIAPP and rIAPP, protein concentration of 5 ^M. Each 
spectrum represents the average of three measurements. 



experiments revealed that no fibrilar aggregates were present, and the 
oligomers possess spherical morphology. 

hIAPP oligomers are predominantly a-helical. Secondary structure 
analysis was performed using circular dichroism (CD) spectroscopy 
in the far UV (200-250 nm) (Figure IE). The CD analysis indicated a 
predominant cx-helical structure with two negative peaks at 222 and 
208 nm. The rIAPP treated under identical conditions exhibited a 
significant lower a-helical content and higher random coil structures. 
Importantly, the CD spectrum revealed that the predominant 
structure is a-helical rather than P-sheet which is indicative of 
amyloid fiber formation appearing in the CD-spectra by a positive 
peak around 195 nm and a negative peak between 215-220 nm. 
Several studies have shown that hIAPP adopts a-helical structure 
upon its interaction with biological membranes"'^", suggesting 
an important role of this conformation in the interaction with 
pancreatic p-ceUs. 

hIAPP oligomers induce apoptosis of pancreatic P-cells. Our data 
indicates that the identified soluble lAPP conformers are relatively 
stable and possess unique physical and structural properties which 
differentiate them from mature amyloid fibrils. Yet, the connection 
to the disease etiology had to be assessed. The degree of cytotoxicity 
of hIAPP oligomers at different concentrations towards pancreatic 
RIN-m cells was evaluated by measuring mitochondrial succinate 
dehydrogenase activity (Figure 2A). The cell viability experiments 



were performed at the concentration range of 100 nM-10 |J,M which 
reflects a local concentration in which hIAPP is secreted from the 
granules (—400 [tM). We assume that this two orders of magnitude 
range is relevant for the actual seeding concentration of hIAPP. 

Upon the addition of hIAPP ohgomers (100 nM-10 |iM) the 
enzymatic activity declined significandy. The addition of 100 nM 
hIAPP ohgomers resulted in a decrease of —40% in cell viability and 
higher concentrations further showed a dose-dependent decreased in 
cell viabihty. Importantly, the addition of rIAPP at similar concentra- 
tions did not result in significant reduction in cell viability. 

To further verify the nature of the cytotoxic activity, apoptotic and 
necrotic markers were analyzed using fluorescence-activated cell 
sorting (FACS). Pancreatic cells treated with hIAPP ohgomers at 
various concentrations were observed to be mostly in the early and 
late apoptotic phases (Figure 2C). A clear and strong negative cor- 
relation between oligomers concentration and cell viability and a 
positive correlation to the percentage of apoptotic cells in the culture 
could be observed (Figure 2D). 

hIAPP oligomers permeate biological membranes. hIAPP 
oligomers are considered to be toxic towards pancreatic cells and 
have been shown to induce membrane permeabUization'"'". To 
examine whether the newly identified conformers are toxic, we 
employed several complementary methods. As mentioned above, 
previous studies have demonstrated that the toxicity of different 
amyloid oligomers is related to the formation of discrete pores in 
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Figure 2 | Human lAPP oligomers Toxicity, (a) Rin-m cells treated with hIAPP oligomers (grey) or with rIAPP (black) in diverse concentrations. Cells 
viability was estimated by MTT reduction assay (*P < 0.05, **p < 0.005). (b) Dye leakage from calcein containing liposomes. 1 [iM hIAPP oligomers 
(green rectangle) or rIAPP (blue rhombus) were incubated with the liposomes and membrane damage was evaluated by increased fluorescence 
(excitation: 495, emission: 520) and compared to the control group (red square), (c) FACS results of the incubation of Rin-m cells with hIAPP oligomers 
at different concentrations. The Annexin V-FITC apoptosis detection kit was used for the detection of apoptotic cells. FL 1 -H is the fluorescence of V-FITC 
and FL2-H is the fluorescence of Annexin V-PE. I-cells in necrotic state, II- late apoptotic state, III- early apoptotic state and IV- viable cells (d) Diagram 
presentation of cell state dispersion of three FACS analysis assays, as presented in figure 2C, dark grey column represent viable cells, Kght grey column 
represent early and late apoptotic cells and black column represent necrotic cells. 



biological membranes"'"''^. To examine whether hIAPP oligomers 
act in a similar manner, we used a liposomal system as a cell 
membrane model. Liposomes were packed with a solution of 
concentrated calcein fluorescent dye and incubated with hIAPP 
oligomers (10 |.iM, 37°C) or rIAPP as a negative control and the 
fluorescence was monitored over time. Indeed, hIAPP oligomers 
rapidly permeabUized the liposome membrane leading to the 
release of the fluorescent dye to the medium while rIAPP did not 
exhibit any membrane damaging abilities (Figure 2B). These results 
indicate that amyloid fiber formation is not necessary for membrane 
disruption by hIAPP and suggest a direct role of the newly identified 
oligomers as toxic species. 

Fluorescently-tagged hIAPP was used to establish physical inter- 
action between the oligomers and P-cells. The labeled polypeptide 
was subjected to the same protocol as described above, resulting in 
the formation of identical oligomers as the unlabelled hIAPP (data 
not shown). Assembled labeled oligomers were incubated for differ- 
ent time periods with pancreatic cells and analyzed by confocal 
microscopy (Figure 3). After one to two hours localization of the 
oligomers on to the cell membrane was detected. This was followed 
by internalization of the oligomers into the cytoplasm which was 
readUy observed after four hours. This was also accompanied by 
massive decline in cell numbers. Cell morphology changes were 
evident after six to eight hours. These results further underscore 



the cytotoxic effect of the oligomers and their specific interaction 
and internalization to pancreatic cells. 

In order to study the cellular localization of the oligomers, live cell 
imaging analysis was performed. As demonstrated in figure 4, we 
observed co-localization of some of the oligomers in the lysosome, 
while the other oligomers exhibit non-localized diffusion staining 
along the cells. This observation is in agreement with the work of 
Serpell and coworkers who studied the localization of Ap oligo- 
mers*''. The similarly between Ap and lAPP oligomer cellular local- 
ization further supports a common mechanism of cytotoxicity for 
various oligomeric assemblies. 

Type 2 diabetes autoantibodies recognize the hIAPP oligomers. 

Next, we examined the relevance of the newly identified oligomeric 
structures to the etiology of the disease. In order to achieve this, we 
inspected whether specific antibodies that would recognize the 
hIAPP assemblies could be identified from T2DM patient sera. To 
this end, antibodies were purified from three T2DM patients and 
three healthy individuals and their ability to detect the hIAPP 
oligomers was compared. We used Dot-Blot analysis for assessing 
the affinity of the purified serum antibodies to the oligomers 
(Figure 5A). Antibodies from T2DM patients exhibit binding 
activity towards the oligomers at lower concentrations compared 
to purified antibodies from serum of healthy individuals. At a 
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Figure 3 | hIAPP oligomers permeabUize cell membrane. Confocal microscopic images of Rin-m cells incubated with 5 |j.M of hIAPP-Hiytelfluor 488 
oligomers, cells were stained with phalloidin-tetramethylrhodamine. Incubation was preformed for one hour (I), two hours (II), four hours (IV) and 
eight hours (VIII). After one hour localization of hIAPP oligomers to cells membrane was observed followed by insertion to cell cytoplasm and cell 
morphology alteration at longer incubation times. 



concentration of 20 |J,g/ml antibodies purified from T2D patients 
displayed a higher binding activity than those purified from 
healthy subjects. Lower antibody concentrations showed hIAPP 
oligomers binding only by antibodies isolated from T2D patients 
emphasizing their specificity (Figure 5A). In order to further 
confirm these results, antibodies from new samples, ten T2DM 
patients and ten healthy individuals (five females and five males in 
each group. Table SI), were purified. Antibody recognition was 
assessed by Enzyme-linked immunosorbent spot (ELISPOT) assay 
(Figure 5B). The result clearly demonstrates the existence of 
antibodies that binds soluble lAPP conformers in diabetic patients 
but not in healthy individuals. 

To examine whether hIAPP conformers recognized by antibodies 
from T2DM patients are indeed the oligomeric one, ELISA assay was 
used to evaluate the recognition of different hIAPP states (mono- 
mers, oligomers and fibrUar structures). Homogenous monomers 
were achieved by dissolving hIAPP in 0.2 |iM NaOH after HFIP 
treatment and dilution with 8 M guanidinium hydrochloride solu- 
tion (final guanidinium hydrochloride concentration of 7 M). 
Oligomers were produced by the protocol described above. FibrUar 
structures were formed in PBS buffer, confirmed by ThT assay and 
TEM microscopy, and were centrifuged 60*10^ g for one hour to 
verify that only large aggregate are present. The pellet was resus- 
pended in PBS buffer quantified and loaded to the ELISA plate. As 
shown in Figure 5D, the oligomeric species were recognized by the 



antibodies significantly to a higher extent as compared to the other 
conformers. These results suggest that hIAPP oligomers occur in vivo 
during the progress of T2DM. Together with the various experiments 
described above they strongly implicate a major causal role of hIAPP 
oligomers in the etiology of this disease. 

Type 2 diabetes autoantibodies reduce the cytotoxic effect of 
hIAPP oligomers. We further tested whether T2DM-associated 
antibodies are able to reduce the cytotoxic effect of the oligomers. 
Notably, cells incubated both with hIAPP oligomers and patients- 
derived antibodies showed cell viability increase in a dose-dependent 
manner; up to 65% of cell viability was measured, compared to only 
35% of cell viability that was measured merely with oligomers. 
Negative control with healthy individuals derived antibodies did 
not exhibit any significant change in cell viability (Figure 5C). 
These results further suggested that the T2DM-derived antibodies 
recognize specifically the oligomers and are able to reduce toxicity 
due to physical interaction with the toxic oligomers. 

Discussion 

In recent years the "amyloid hypothesis" has been challenged by 
evidence connecting early soluble oligomers with amyloid-related 
pathology. Accordingly, the study of soluble amyloidal assemblies is 
important both for mechanistic insights as well as for development of 
new therapies. Yet, the examination of such conformers is challenging. 
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Figure 4 | hIAPP oligomers cellular localization. Live confocal microscopy images of Rin-m cells incubated 5 |^M of hIAPP-Hiytelfluor 488 oligomers 
for 3 hours (Green), Lysosome was stained using LysoTracker reagent (red), mitochondria was stained using MitoTracker (red). As shown, some 
oligomers were observed to localize in the lysosome (white) while others showed a diffusion pattern along the cell. 



since the amyloid self-assembly cascade is a complex network of inter- 
molecular events resulting in the formation of pseudo-stable confor- 
mers with variable sizes'". 

Here we present an approach for production of soluble hIAPP 
oligomers; these oligomers remained stable for a significant time 
period, whereas hIAPP that was solubilized in a standard protocol 
rapidly aggregated, as was demonstrated by the ThT assay. Several 
complementary assays were applied to characterize the biophysical 
properties of the oligomers. The conformation of the oligomers was 
found to be predominantly a-helically, with two negative peaks at 
222 and 208 nm. Size distribution analysis revealed four main popu- 
lations: monomers, dimers, trimers and —90 kDa oligomers; the 
morphology of these structures appeared mostly spherical, with no 
fibrUar aggregates. The spherical morphology which hIAPP oligo- 
mers adopt resembles the globular or annular appearances that were 
previously reported for several amyloid polypeptide oligomers, dis- 
playing a pore or ring shaped structures''*''^''"''*^. Interestingly, spher- 
ical oUgomers rather than the annular oUgomers were shown to 
increase membrane conductance and induce apoptosis in cell culture™. 

In addition, previous reports show that hIAPP adopts helical 
structure upon its interaction with biological membranes^'. Gafni 
and coworkers reported that, hIAPP 1-19 fragment, similar to the 
full length peptide; adopt an a-helical conformation upon binding to 
lipid membranes. As opposed to the wild type sequence, the hlAPPl- 
19 fragment does not form amyloid fibrils even at high concen- 
trations; at these concentrations, the fragment show a greater 
membrane disruption compared to the full length peptide''. Re- 
cently, Miranker and coworkers studied hIAPP variant (L12N/ 
N14L), which tends to form P-sheet fibers rather than a-helical 
structures. Intriguingly, the hIAPP variant is significantly less toxic 
compare to the wild type sequence^'. These studies emphasize the 
significance of studying the oligomeric alpha helical state of hIAPP 
and its implication on membrane damage and cell cytotoxicity. The 
oligomers presented here exhibited high cytotoxicity towards pan- 
creatic cell line; a dose dependent decrease in cellular mitochondrial 
reductase activity and elevated apoptotic markers were observed 



following oligomers exposure. Moreover, using fluorescently tagged 
oligomers we observed localization of the oligomers on the cellular 
membrane after 1-2 hours, followed by internalization after ~4 
hours. Longer incubation period manifested by a change in cellular 
morphology and reduction of viable cells. The interaction between 
the oligomers and biological membranes was verified using a lipo- 
somal model assay. The oligomers induced rapid membrane permea- 
bilization, while the non aggregative rl APP peptide did not show any 
effect. Our findings support previous reports demonstrating that 
amyloid assemblies interact with cell membranes, causing ion flux 
through artificial and cellular lipid membranes""^. Furthermore, 
Glabe and coworkers have shown that amyloid oligomers share 
structural and functional homology with pore forming proteins like 
alpha-hemolysin from the bacterium Staphylococcus aureus, as well 
as human perforin from cytotoxic T lymphocytes^'. 

To confirm the pathological relevance of the obtained conformers 
we screened for antibodies that recognize hIAPP assemblies. 
Naturally occurring auto-antibodies were previously found to target 
amyloid P"''' and a— synuclein'"''"'. In spite of the identification of the 
antibodies, clinical signs of the diseases are also observed. It is most 
likely that the degenerative process occurs simultaneously with the 
production of the antibodies, thus making it difficult to study the two 
phenomena separately. The production of antibodies, early in the 
progression of such multifactorial diseases, may suggest that a better 
direction for clinical intervention should be at the early stages of the 
diseases before permanent damage of tissues and organs is observed. 

Overall, we examined 13 samples of T2DM patients and 13 sam- 
ples of healthy individuals. First, we used dot-blot assay applying 
serial dilutions of antibodies. At a concentration of 10 |ig/ml 
hIAPP oligomers, T2DM antibodies exhibit ~4 fold higher binding 
compared to antibodies of healthy individuals, while at a concentra- 
tion of 5 l-ig/ml hIAPP oligomers, we observed only binding of 
T2DM. ELISPOT assay was performed to accurately quantify the 
antibodies binding levels. In agreement with the dot-blot assay, 
T2DM derived antibodies exhibited much higher binding properties 
than healthy individuals antibodies. 
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Figure 5 | Antibodies from Type 2 Diabetes patients recognize and neutralize hIAPP oligomers, (a) Purified antibodies from the serum of type 2 diabetes 
patients and healthy people (N = 3) was compared to the recognition of hIAPP oligomers (5 )ig) by dot blot analysis through serial dilutions of purified 
antibodies, (b) Purified antibodies from the serum of type 2 diabetes (orange columns) and healthy people (grey columns, N = 10) recognition of 
hIAPP oligomers (5 ng) was compared by ELISPOT assay, (c) Rin-m cells treated with hIAPP ohgomers (grey) with or without type 2 diabetes (orange) or 
healthy individuals (blue) purified antibodies in diverse concentration was examined for viability by MTT reduction assay and compared to the non-treated 
cells, Box-plots showing statistical distributions of cell viability after treatment (the box size represent the SD, black circles are the average, the horizontal hne 
is the median and the upper and lower asterisks are 99"" and 1" percentile respectively) ***p < 0.0001. (d) Type 2 diabetes antibodies recognition of 
different hIAPP conformers was examined by ELISPOT assay (Fibrils in blue columns, monomers in red columns and oligomers in green columns). 



ELISPOT assay was also conducted with different hIAPP confor- 
mers (monomers, oligomers and fibrilar aggregates). The oligomers 
displayed significantly higher antigenic tendency compared to the 
other conformers. Finally, we examined whether the antibodies 
attenuate the oligomers toxicity. Indeed, the antibodies increased cell 
viability in a dose dependent manner, virtually doubling the viability 
of cells treated with hIAPP oligomers, upon addition of 15 |.iM of 
antibodies. The specificity of T2DM antibodies for oligomeric spe- 
cies of hIAPP and the ability of the antibodies to reduce hIAPP 
cytotoxicity suggest the oligomeric conformers are the major toxic 
element responsible for cellular apoptosis observed in the pancreas 
during lAPP self-assembly. 

We tried to diversify the tested samples as much as we could, half 
are men and half are women, in the healthy group the youngest is 22 
and the oldest is 48, at the T2DM group the range is 40 to 74 (Table 
SI). The diagnosis time also varied from 1998 to 2010, we did observe 
a variance between the samples, at this point we cannot link any 
variable to the antibodies titer, an extensive screen is needed to 
examine the correlation between antibodies appearance and the dis- 
ease progression, also to determine the different factors that influ- 
ence the antibody titer. 

Our results provide clear evidence for the role of the oligomeric 
species, rather than the monomeric form of lAPP, in the pathological 
cascade that results in cell death and loss of pancreatic P-cell mass. It 



was demonstrated that the oligomeric assemblies induce apoptotic 
cell death likely by their interaction with the cell membrane. The 
ability of antibodies from human patients to interact specifically with 
hIAPP oligomers suggests that the formed assemblies as described 
here represent valid epitopes present in diabetic patients. Moreover, 
the ability of these antibodies to annul the toxic activity of the oligo- 
meric species paves the way for new therapeutic approaches for the 
treatment of |3-ceU mass loss in the advanced stage of T2DM. The 
newly indentified and characterized species could serve as epitopes 
for the development of immune response in active or passive 
immunization. Furthermore, these species could serve as a facile 
platform for screening and optimizing compounds which are able 
to interfere with the toxic effect of oligomeric species. 

Methods 

Oligomers preparation. lAPP synthetic peptide (Human; H-7905, Bachem, 
Bubendorf, Switzerland. Rat; 74-5-lOA, American peptide, California, U.S.A) was 
dissolved in 100% HFIP, 1 mg/ml and incubated for complete solubilization under 
shaking (100 rpm) at 37^'C for 2 h. HFIP was removed by Speedvac apparatus 
(Eppendorf, Germany), the peptide was resuspended in 0.2 [iM NaOH to a fmal 
concentration of 5 mM and sonicated for 2 minutes in a pre-chUled sonication bath to 
insure complete solubilization. The peptide preparation was diluted in phosphate- 
buffered saline (PBS, 10 mM pH 7.4) with 1% SDS to a final concentration of 600 \iM 
and incubated for 4-7 hours at 37 'C. The peptide preparation was further diluted in 
ultra pure H2O to a final concentration of 200 [rM and incubated for 12 Hours, 37°C. 
lAPP self- assembly products were analyzed by 15% Tris-tricine PAGE and stained 
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with Imperial protein stain. Oligomers were precipitated by a nine fold excess (v/v) of 
ice-cold methanol/ acetic acid solution (33% methanol, 4% acetic acid) for 1 h at 4^C. 
The oligomers was then pelleted {10 min at 16,200 g), resuspended in PBS buffer 
(10 mM pH 7.4). In order to make sure SDS is removed entirely, samples were 
dialyzed against PBS buffer over night at 4 'C. lAPP oligomers were examined after 
treatment by PAGE analysis and Size exclusion chromatography and shown no 
change in size distribution. 

Size exclusion cliromatography. lAPP oligomers was prepared as mentioned above 
(0.1 mg, 200 |j.M) were loaded on Superdex 75 column 10/300 (Amersham 
Biosciences, Sweden), 0.5 ml/min, PBS buffer. Size was determined using a 
calibration curve calculated with 5 protein standard (Bio-Rad. USA). Peaks 
Deconvolution was calculated by PeakFit software (SYSTAT software Inc.). 

ThT binding fluorescence. lAPP oligomers were prepared as mentioned above, after 
precipitation with ice-cold methanol/acetic acid solution and dialysis against PBS 
buffer, oligomers aggregation was compared to hIAPP peptide dissolved in 0.2 \iM 
NaOH (5 mM) and further diluted in PBS buffer (10 mM pH 7.4, peptide 
concentration 10 ]iM). ThT (Sigma) was dissolved in PBS buffer and filtered with 
0.22-|j.M filter. ThT (1 |J.M) was added to each sample (10 \iM) and aggregation was 
monitored over time by Biotek Synergy plate reader (Biotek) measurement of each 
data point at an interval of 5 min, 37 C. 

Atomic force microscopy. AFM analysis was generated by depositing an aliquot of 
40 |J,1 (concentration of 200 ]iM) on a freshly cleaved mica surface. Samples were 
probed by a Digital Instrument (DI) MultiMode™ NanoScope IV AFM, using a 
Mikromasch NSC15/Si3N4 cantilever (resonant frequency/ — 325 kHz, spring 
constant k = 40 N/m) in a tapping mode. 

Circular dichroism (CD) spectroscopy. CD spectra were obtained using an AVIV 
202 spectropolarimeter equipped with a temperature-controlled sample holder and a 
10 mm path length cuvette. All experiments were performed in PBS, pH 7.4, peptides 
concentration of 5 |j.M. For wavelength scan experiments, each spectrum represents 
the average of three scans. Evaluation of the secondary structure composition 
obtained from far-UV CD spectra was facilitated by using the K2d and CDNN 
software. 

Liposomes membrane damage measurements. Phosphatidyl ethanolamine, 
phosphatidyl serine and phosphatidyl choline (Avanti, USA) were dissolved in 
chloroform at a concentration of 20 mg/ml in a molar ratio of 5 : 3 : 2 respectively. 
Solvent was removed from sample by evaporating the chloroform under a stream of 
nitrogen gas in a rotor vapor apparatus to deposit a thin lipid film on the walls of a 
glass test tube. The dry lipid film was then rehydrated in the 50 mM sodium 
phosphate buffer (pH 7.4) containing 40 mM sodium calcein to make multilamellar 
vesicles (MLVs) at a concentration of 40 mg/ml. The MLVs were then subjected to 
several sonication cycles to equilibrate the vesicles with the buffer. Nonencapsulated 
calcein was removed from vesicles through size exclusion chromatography using a 
HiPrep 16/60 sephacryl S-100 column (Amersham Pharmacia Biotech, Uppsala, 
Sweden) .packed vesicles with calcein were confirmed by fluorescent measurements 
before and after adding 1% of triton x-100. Samples were incubated at 37 C and the 
membrane damage rate was followed by Fluorescence assay (excitation at 495 nm, 
2.5 nm slit, and emission at 520 nm, 5 nm slit). Measurements were taken using a 
Jobin Yvon Horiba Fluoromax-3 fluorimeter (Horiba, Japan). Each point represents 
the average of three independent measurements. 

MTT reduction assay. Rin-m cells (2 X 10^ ceUs/ml) were cultured in 96-well micro 
plates (100 |j.l/well) and incubated overnight at 37 C. Human oligomers and rat lAPP 
were added to each well at various concentrations and incubated for 6 hours at 37''C. 
Following incubation cell viability was evaluated using 3-(4, 5-dimethylthiazolyl-2)- 
2, 5-diphenyltetrazolium bromide (MTT) assay. Briefly, 20 |J.L of 5 mg/ml MTT 
dissolved in PBS was added to each well. After 4 hours incubation at 37^C, 100 ]i\ of 
extraction buffer [20% SDS dissolved in a solution of 50% dimethylformamide and 
50% DDW (pH 4.7)] was added to each well, and the plates were incubated again 
overnight at 37''C. Finally, color intensity was measured using an ELISA plate reader 
at 570 nm and background subtraction at 650 nm. 

Flow cytometry cell sorting (FACS) assay. Rin-m cells (5 X 10^ cells/ml) were 
cultured for 4 hours at 37 'C incubated with human lAPP oligomers (final 
concentration of 0.5 |J.M, 1 |J.M and 5 |J.M). Samples were washed with PBS buffer 
and resuspended with 500 \i\ binding buffer. Samples were added 5 (J.1 of Annexin V- 
FITC and 10 |il of propidium iodide (Annexin V-FITC apoptosis detection kit; MBL). 
After 10 minutes of incubation in the dark at room temperature, samples were 
analyzed using the FACS Sort (Beckton Dickinson) and results analyzed using the 
CellQuest program (Beckton Dickinson). Each measurement was repeated three 
times. FLl-H represents the fluorescence of Annexin V-FITC and FL2-H represents 
the fluorescence of propidium iodide. 

Confocal microscopy. Rin-m cells were cultured on glass cover- slip placed in 24- well 
micro plates, then incubated for different periods with fluorescent tagged hIAPP 
Oligomers (5 [iM) at 37"C, as described in the cell cytotoxicity experiments section. 
hIAPP was tagged with Lys(Hilytefluor 488)-NH2 at the C-terminal end (Anaspec, 
USA). After incubation cells were washed with PBS buffer and fixed with 4% 



paraformaldehyde in PBS for 5 minutes and washed with PBS buffer. Cells were 
treated with 1% Triton x-100 in PBS and stained with 50 |J.g/ml Phalloidin 
Tetramethyl-rhodamine B isothiocyanate ( Sigma- Aldrich) in PBS, 40 minutes in 
room temperature, followed by extensive wash with PBS buffer. The cells were imaged 
using LSM 510 confocal laser scanning microscope (Carl Zeiss Jena, Germany). For 
the cell Live imaging experiment Rin-m cells were cultured on a cell culture dish with 
a glass bottom (35 mm, greiner bio-one) and incubated with hIAPP-Hilytefluor 488 
oligomers for 3 hours, the mitochondria was stained with MitoTracker® Red reagent 
(molecular probes) according the manufacture instructions for 1 hour (100 nM). Cell 
lysosomes were stained using LysoTracker® Red DND-99 (molecular probes) 
according the manufacture instructions for 1 hour (50 nM). Images were acquired 
using LSM 510 Meta confocal laser scanning microscope (Carl Zeiss Jena, Germany). 

Antibodies purification. Antibodies from healthy and type 2 diabetes patients' 
serum (Bioreclamation, USA) were purified by protein-A column (GE healthcare). 

1 ml of Human Serum was diluted 1 : 20 with loading buffer (20 mM Na2HP04, 

2 mM NaH2P04 pH 7) and loaded onto a 5-ml protein-A column, flow throw was 
collected and reloaded 3 times. Bound antibody was eluted with 0.1 M of citric acid 
(pH 3.0) and neutralized with 1 M Tris-HCl (pH 9.0) for 1 ml of eluate 200 \i\ of Tris 
buffer was added. Protein- containing fractions were combined, dialyzed against 2 
liter PBS buffer (16 h, 4' C). Antibodies concentration was determined using 
Bradford reagent (Sigma- Aldrich). Antibody purity was assessed by SDS-Page. 

Antibodies recognition assays. Antibodies recognition was evaluated by Dot-blot 
and ELISA assay. For the Dot-blot experiments hIAPP oligomers (5 |ig) were spotted 
onto a nitrocellulose membrane via a vacuum manifold. After blocking the 
membrane with 5% skim milk in TBS-T (50 mM tris, 150 mM NaCl pH - 7.5 with 
0.3% tween 20) for 1 hour at room temperature. Membrane was washed briefly with 
TBS and incubated with purified antibodies at several concentrations for 2 hours, 
room temperature. Then, membrane was washed briefly with TBS-T and incubated 
with HRP- conjugated donkey anti-human HRP antibody (Jackson immunoResearch 
laboratories, USA). The membrane was developed using ECL reagents (NEN, USA) 
according to the supplier's instructions. Positive control with rabbit anti-IAPP 
antibody (Santa Cruz Biotechnology, USA) was preformed. ELISPOT assay was done 
by adsorbing hIAPP oligomers (5 |j.g) onto the wells of a BioTrace PVDF Membrane 
96-well plate (PALL, USA), 3 hours room temperature. Wells were blocked with 3% 
bovine serum albumin (BSA) in TBS-T for 1 hour at room temperature, the plate was 
washed briefly with TBS and incubated with purified antibodies (10 p-g/ml) for 2 
hours, room temperature. The plate was washed extensively with TBS-T and 
incubated with HRP -conjugated donkey anti human HRP antibody (Jackson 
immunoResearch laboratories, USA). Binding was quantified by 3,3',5,5'- 
tetramethylbenzidine reagent (TMB, Pierce) according to the manufacture 
instruction. 

In order to examine which of the assemblies T2DM antibodies recognize. ELISA 
assay was also used to compare the T2DM antibodies (10 ng/ml) recognition toward 
different hIAPP conformers as explained above. Fibrillar structures were formed by 
dissolving hIAPP in 0.2 [iM NaOH after HFIP treatment and dilution with PBS 
buffer (peptide concentration 10 ]iM), peptide was incubated for 48 hours in 37°C, 
centrifuged 60,000 g for 1 hour to confirm only large aggregate are present. The pellet 
was resuspended in PBS buffer and quantified by Bradford reagent (Sigma- Aldrich), 
Homogenous monomers were achieved by dissolving hIAPP in 0.2 |J.M NaOH after 
HFIP treatment and dilution with 8 M Guanidinium chloride solution (final 
Guanidinium chloride concentration of 7 M, peptide concentration 10 ]iM). 

Antibodies neutralizing effect. Rin-m cells (2 X 10^ ceUs/ml) were cultured in 96- 
well micro plates (100 |il/wetl) and incubated overnight at 37°C. Human oligomers 
(5 |j.M) with or without antibodies was added to each well at various concentrations. 
Each measurement was repeated four times; also, a control measurement with 
antibodies alone at the highest concentration was preformed to refute any effect of 
antibodies on cell viability. Following incubation for 6 hours at 37''C, cell viability was 
evaluated using 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide 
(MTT) assay as described above. 

Statistical analysis. Quantitative results are shown as means ± SD. The statistical 
analysis was performed by Student's t test between control and tested groups. P value 
of < 0.05 was considered significant. *, Pv < 0.05, **, Pv < 0.005 and ***, Pv < 
0.005. 
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